1. Introduction {#sec1}
===============

Dry powder inhalations (DPIs) had attracted enormous attention worldwide by virtue of local targeting, rapid drug action, suitability for delivering a wide range of drugs and satisfactory patient compliance[@bib1]. As a form of pulmonary drug delivery, DPIs had been widely applied in the treatment of pulmonary diseases, such as asthma[@bib2], chronic obstructive pulmonary disease[@bib3], pulmonary infections[@bib4] and pulmonary cancer[@bib5], as well as systematic diseases, such as diabetes[@bib6] and schizophrenia[@bib7]. In general, there were two types of DPIs, carrier-based DPIs and carrier-free DPIs. To achieve desirable pulmonary delivery efficiency, the active pharmaceutical ingredients (APIs) required micronization to achieve an aerodynamic diameter (*d*~ae~) of 0.5--5 μm[@bib8]. However, the micronized APIs were prone to be cohesive, resulting in deterioration of flowability and dispersibility[@bib9]. Thus, coarse carriers in the range of 50--200 μm^8^ were frequently used to promote the flowability, dispersibility, blend homogeneity of DPIs and reduce the cohesion of micronized APIs[@bib9]. According to a large number of studies, carriers played an important role in the manufacture and usage of DPIs[@bib10], [@bib11], [@bib12], [@bib13].

The pulmonary delivery processes (PDPs) of carrier-based DPIs were proposed based on years of the researches on pulmonary drug delivery system, which could be divided into the following four processes ([Fig. 1](#fig1){ref-type="fig"}): fluidization and dispersion of DPIs, transportation of the API‒carrier complex, detachment of APIs from the carriers, and deposition of APIs in the lungs[@bib11]. When DPIs was inhaled, air flow provided the initial kinetic energy, leading to the critical fluidization and dispersion of the DPIs. Subsequently, the DPIs was transported by air flow entrainment and passed through the oropharynx. Next, vortex air flow[@bib14] in the bronchi bifurcation caused the APIs to detach from the carriers. Finally, the APIs were transported into the lower parts of the airways and deposited on the deep lung while the carriers were captured by the bronchi and cleared by cilia movement. It was commonly held that pulmonary drug delivery efficiency was mainly influenced by the transportation and detachment processes[@bib12]^,^[@bib15]. These two key processes were closely related to various factors, including the powder properties of the carrier[@bib13]^,^[@bib16]^,^[@bib17], the interaction of API‒carrier[@bib18], and the content of fine particles[@bib19]^,^[@bib20]. In addition, the air flow pattern[@bib21], [@bib22], [@bib23] produced by the inhaler device and the inhalation mode of patients, such as the air flow rate[@bib24]^,^[@bib25] and duration of inhalation[@bib26], also exerted a significant influence on the PDPs. In recent years, specific attention had been paid to collect evidence on the mechanism of PDPs. Elucidation of this issue could help to bridge the gap between formulation and pulmonary drug delivery efficiency of DPIs. Studies by means of cascade impactors and the computational fluid dynamics-discrete element method (CFD-DEM) had been the most frequent approaches in this field.Figure 1Schematic illustration of the pulmonary delivery process in carrier-based DPIs.Fig. 1

Cascade impactors, such as the Next Generation Impactor (NGI, Copley Scientific Ltd., Nottingham, UK) and Anderson Cascade Impactor (ACI, Copley Scientific Ltd.), had been the most common tools for the evaluation of DPIs, which were widely accepted by regulatory authorities including the *United States Pharmacopeia*, *European Pharmacopoeia* and *Chinese Pharmacopoeia*[@bib27], [@bib28], [@bib29]. The drug deposition profile of DPIs could be acquired by cascade impactor analysis (CIA). Based on the above profile, the fine particle fraction (FPF) could be computed, which was a widely recognized indicator for the aerosolization performance of DPIs[@bib30]. However, cascade impactor experiments were time-consuming and laborious due to complicated experimental operations and the subsequent quantification of APIs, which normally took several days or even weeks. In addition, limited information could be provided by CIA to explore the PDPs of DPIs, which were the prerequisite for DPIs formulation design and optimization. Therefore, the process to achieve the optimal formulation of DPIs *via* CIA was slow, without a clear improvement direction.

The CFD-DEM was supposed to be a powerful and functional tool to investigate the PDPs of DPIs[@bib31]. Specifically, CFD could simulate the gas‒solid hydrodynamics[@bib32], and DEM was one of the most accepted methods for simulating the interactions of particle--particle/wall[@bib33]. Thus, the simulation of air flow movement and particles in an inhaler device/throat/bronchi 3D model could be achieved by CFD-DEM, which had been broadly applied in DPIs over the past years. Generally, the applications of CFD-DEM had mainly focused on the design of inhaler devices[@bib22]^,^[@bib30] and dispersion mechanisms of DPIs actuated by air flow[@bib34] and artificial throats[@bib23]^,^[@bib35]. However, the simplified and idealized models established by CFD-DEM impeded the further development of this type of modeling for DPIs because the actual and specific powder properties of DPIs were random and uncertain. For example, the surface morphology and the shape of the particles were complex, and the particle size was not uniform. The model of CFD-DEM neglected the individual differences of particles in actual on the overall process. Besides, the current researches of the CFD-DEM were mainly focused on a part of PDPs instead of the whole processes, which was attributed to the time-consuming and costly CFD-DEM model development covering inhaler device, throat and tracheal bronchus. In addition, the variable and heterogeneous air flow in humans was hard to achieve in CFD-DEM. Notably, the abovementioned factors were ubiquitous and had a great impact on the PDDs of DPIs, and thus, these parameters should not be neglected.

Sympatec HELOS laser diffraction (Sympatec GmbH, Clausthal-Zellerfeld, Germany) was a widespread particle size detection method used in the pharmaceutical[@bib36]^,^[@bib37], material[@bib38]^,^[@bib39], food[@bib40] and even 3D printing industries[@bib41]. An inhaler adapter (INHALER™, Sympatec GmbH, Clausthal-Zellerfeld, Germany) was specially designed to interface with Sympatec HELOS, aiming at detecting the particle sizes of DPIs. The system was composed of a device adapter, bent glass tube and pre-separator ([Fig. 2](#fig2){ref-type="fig"}). The device adapter had an exchangeable seal ring for the various shapes of mouthpieces that could comply with different demands of inhalation devices. The bent glass tube served as an artificial throat, and the pre-separator mimicked the bronchi bifurcation. Because INHALER™ resembled the human respiratory tract structure, the particle size obtained was close to the *d*~ae~[@bib42]. However, the standard configuration and test of Sympatec HELOS & INHALER™ only offered a final mean particle size distribution, which did not provide sufficient information for investigations of PDPs.Figure 2Schematic diagram of Sympatec HELOS & INHALER™.Fig. 2

To obtain the detailed PDPs of DPIs, the following factors should be fully taken into consideration. The PDPs of carrier-based DPIs in inhaler device, throat and bronchi needed to be explored separately in real-time to understand the effect of each part on the efficiency of pulmonary drug delivery. In addition, the real particle size, surface morphology and electrical properties of the particles should be considered. In light of the complex interdependencies of the above factors, it was of great scientific and industrial importance to systematically develop a new and feasible approach to elucidate PDPs, laying a firm basis for enhancing the efficiency of the design and optimization of DPIs.

In the present study, a modular modified Sympatec HELOS (MMSH) was first developed for probing the mechanisms of the PDPs of DPIs. An inhaler device, artificial throat and pre-separator were creatively separately integrated with a Sympatec HELOS. The inhaler device was employed to investigate the dispersion and fluidization processes of DPIs. An artificial throat was used to simulate the direction changes of air flow, and a pre-separator was applied to mimic bronchi bifurcation, where the transportation and detachment processes occurred. The established MMSH method was generally suited for various formulations, and competent for different inhaler devices with corresponding adapters. Additionally, time-sliced measurement was firstly applied for real-time monitoring of the release profiles of the drug particles, carriers and DPIs, where the contribution of individual particles would be reflected.

The MMSH test was fast and could be performed in 1 min. The mechanism of DPIs PDPs was elaborated in detail. In addition, the impact of air flow rates (*U*~0~) on the PDPs of DPIs was identified based on the MMSH. Moreover, the NGI was employed to determine the aerosolization performance of DPIs. A desirable positive correlation between the results of MMSH and NGI was established, suggesting that the MMSH was a time-saving and credible alternative for efficient design and optimization of DPIs.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Respitose® SV003 lactose was generously donated by DFE Pharma (Goch, Germany). Salbutamol sulfate was purchased from Bidepharmatech Co., Ltd. (Shanghai, China). 3^\#^ Hydroxy propyl methyl cellulose (HPMC) capsule (Vcaps®) was provided by Capsugel Co., Ltd. (Suzhou, China). Methanol (analytically pure grade) was supplied by Honeywell Burdick & Jackson Inc. (Morris, NJ, USA). Acetonitrile (analytically pure grade) was obtained from Saen Chemical Technology Co., Ltd. (Shanghai, China). Monopotassium phosphate was purchased from Damao Chemical Reagent Factory (Tianjin, China).

2.2. Preparation of model DPIs {#sec2.2}
------------------------------

### 2.2.1. Micronization of salbutamol sulfate {#sec2.2.1}

Salbutamol sulfate was selected as the model drug in the present study. Micronized salbutamol sulfate (MSS) was obtained by jet-mill (J-20, TECNOLOGIA MECCANICA, Torino, Italy) with 6 kPa ring pressure and 7 kPa Venturi pressure. The particle size of MSS was determined subsequently.

### 2.2.2. Sieving of lactose carrier {#sec2.2.2}

Respitose® SV003 was the inhalation grade lactose and commonly used as DPIs carrier[@bib43]^,^[@bib44]. On account of the wide span of particle size in Respitose® SV003 (*D*~10~ = 19--43 μm, *D*~50~ = 53--66 μm，*D*~90~ = 75--106 μm), sieving method was employed to narrow the span for further study. Respitose® SV003 was sieved through the sieve of 125 and 75 μm for 20 min by a vibratory sieving (AS200, RETSCH, Haan, Germany). Lactose carrier (LAC) was obtained by collecting the fraction of Respitose® SV003 between two sieves.

### 2.2.3. Particle size distribution {#sec2.2.3}

The particle size of MSS and LAC was analyzed by laser diffraction particle size analyzers including Malvern Mastersizer 2000 (Malvern Instruments Ltd., Malvern, Worcestershire, UK) and Sympatec HELOS & INHALER™. The samples were dispersed by the Scirocco 2000 dry powder feeder apparatus under a pressure of 3.5 bar prior to the tests of Malvern Mastersizer 2000. In regard to Sympatec HELOS & INHALER™, the single dose inhaler Turbospin® (PH&T S.p.A., Milan, Italy) was integrated with the INHALER™ for dispersion. The measurements were conducted under the *U*~0~ of 60 L/min with the 0.5% optical concentration (*C*~opt~) for trigger, and ended with the *C*~opt~ less than 0.5%. Moreover, R2 lens with a measurable particle size range of 0.25/0.45--87.5 μm and R4 lens with a measurable particle size range of 0.5/1.8--350 μm were selected to evaluate the particle size of MSS and LAC, respectively. Particle size was calculated by Fraunhofer theory in WINDOX 5.0 software (Sympatec GmbH). Each sample was quantified in triplicate.

### 2.2.4. Preparation and homogeneity test of model DPIs {#sec2.2.4}

The model DPIs was produced by blending MSS and LAC at a ratio of 1:15 (*w*/*w*), using a Turbula T2F mixer (Glen Creston Ltd., Middlesex, UK) at 46 rpm for 60 min[@bib20]. The obtained model DPIs was packed into 3^\#^ Vcaps® capsules (Capsugel Co., Ltd.) with 10 ± 0.5 mg. After blending, the homogeneity of drug content in DPIs was assessed. Ten random capsules were taken and dissolved in 10 mL of ultrapure water, and the content of MSS was then quantified by high performance liquid chromatography (HPLC).

### 2.2.5. High performance liquid chromatography {#sec2.2.5}

The content of MSS was quantified by HPLC (LC-20, Shimadzu Co., Ltd., Kyoto, Japan) with a UV-detector at 276 nm. C18 column (250 mm × 4.6 mm, 5 μm, OSAKA SODA Co., Ltd., Osaka, Japan) was used and the column temperature was set as 35 °C. The mobile phase was 0.13% monopotassium phosphate (adjusted to pH 3 with phosphoric acid):methanol = 85:15 (*v*/*v*) at a flow rate of 1 mL/min.

The content of LAC was quantified by HPLC with an evaporative light-scattering detector (ELSD-LT II, Shimadzu Co., Ltd.), using an NH~2~ column (250 mm × 4.6 mm, 5 μm, OSAKA SODA Co., Ltd.). The column temperature was 35 °C and the mobile phase was acetonitrile:ultrapure water = 70:30 at a flow rate of 1 mL/min. The temperature of the drift tube was set at 50 °C and gas pressure was 350 kPa. Each sample was quantified in triplicate.

2.3. Scanning electron microscopy and energy-dispersive X-ray spectroscopy {#sec2.3}
--------------------------------------------------------------------------

Gemini 500 scanning electron microscope (SEM, Bruker, Ettlingen, Germany) equipped with energy-dispersive X-ray spectroscopy (EDXS) was adopted to characterize the morphology and chemical element distribution on the surface of particles. Sample powder was placed on aluminum stubs prior to imaging. The SEM and EDXS images were captured at an acceleration voltage of 2.0 and 5.0 kV, respectively. Oxygen and sulfur spectra were captured by EDXS, which represented LAC (C~12~H~22~O~11~) and MSS \[(C~13~H~21~NO~3~)~2~·H~2~SO~4~\], respectively.

2.4. Pulmonary delivery processes investigation of DPIs by MMSH {#sec2.4}
---------------------------------------------------------------

MMSH was used to investigate the mechanism of PDPs in DPIs. The instrument configuration was depicted in [Fig. 3](#fig3){ref-type="fig"}A. Three different configurations were set up by the authors in order to explore the impact of the inhaler device ([Fig. 3](#fig3){ref-type="fig"}B), the artificial throat ([Fig. 3](#fig3){ref-type="fig"}C) and the pre-separator ([Fig. 3](#fig3){ref-type="fig"}D) on the PDPs under different *U*~0~. The single dose Turbospin® was served as the model inhaler device. The measurements were conducted under the *U*~0~ of 30, 60 and 80 L/min, respectively, with the following parameters. Start and stop of the measurements was triggered on a *C*~opt~ of 1.0% and 0.5%, respectively, with a R4 lens. The data were recorded in 100 ms sections with a 25 ms time base. The measurement duration was 4 s. Each sample was quantified in triplicate. WINDOX 5.0 software was employed to analyze the data. The obtained data were analyzed and the involved parameters were descripted in [Table 1](#tbl1){ref-type="table"}[@bib48]. The product of *C*~opt~ and d*Q*~3~ was defined as release amount of particles (*R*), which was recorded in each 100 ms. Release profile was plotted by time (*T*) as *X*-axis and *R* as *Y*-axis and connected with smooth curve. The area under the curve of release profile was defined as *R*~AUC~, which was deduced by integration method of Origin 8.5 Software (Origin Lab, Northampton, MA, USA).Figure 3Schematic diagram of instrument conuration (A) Sympatec HELOS; (B) Conuration A: Sympatec HELOS with Turbospin®; (C) Conuration B: Sympatec HELOS with Turbospin® & artificial throat; (D) Conuration C: Sympatec HELOS with Turbospin® & artificial throat & pre-separator.Fig. 3Table 1Description of parameters.Table 1ParameterDescription*C*~opt~Optical concentrationd*Q*~3~The volume percentage of particles within certain range\
$dQ_{3} = Q_{3}\left( D_{i1} \right) - Q_{3}\left( D_{i2} \right)$\
*Q*~3~ represented volume cumulative distribution\
*D*~i~ represented the particle size (*D*~i1~ \> *D*~i2~) $Q_{3}\left( D_{i} \right) = {{Total\ volume\ of\ particles\ that\ smaller\ than\ D_{i}}/\text{Total\ volume\ of\ particles}}$*R*Release amount, $R = C_{\text{opt}} \times \text{d}Q_{3}$*R*~max~Maximum of release amount*T*~max~The time of *R*~max~*T*~t~Terminal time, the time corresponding to the last *RR*~AUC~Total release amount, the area under the curve of the release profile

2.5. In vitro aerosolization performance investigation of DPIs by NGI {#sec2.5}
---------------------------------------------------------------------

The *in vitro* aerosolization performance of model DPIs was detected by the NGI with or without a pre-separator, according to the standard of *European Pharmacopoeia* 8.0. The single dose inhaler Turbospin® was used to connect with the NGI. The surface of particle collection plate of each stage was coated with Tween® 80 (1% in ethanol, *v*/*v*) prior to test to prevent inter-stage losses due to the particle bounce. A batch of 30 capsules was shot in each run (4 kPa pressure drop) with different *U*~0~ and time, namely 30 L/min‒8 s, 60 L/min‒4 s and 80 L/min‒3 s. Subsequently, MSS and LAC retained on the inhaler and deposited in the adaptor, induction port, pre-separator, all NGI stages and MOC were rinsed with ultra-pure water. The deposition profiles of MSS and LAC were obtained by HPLC quantification. Three replicates were carried out for each *U*~0~. The FPF, fine particle dose (FPD), emitted dose (ED) and mass median aerodynamic diameter (MMAD) values were calculated by CITDAS® software (version 3.10, Copley Scientific Ltd.).

2.6. Statistical analysis {#sec2.6}
-------------------------

All the data were presented as mean ± SD, if possible. SPSS Statistics V 17.0 software (IBM Co., Armonk, NY, USA) was applied for statistical analysis. One-way analysis of variance (ANOVA) and unpaired two-sample *t* test were employed to the experimental data above, where *P* \< 0.05 was considered to be statistically significant, and an *R*^2^ value higher than 0.9 suggested a strong correlation.

3. Results and discussion {#sec3}
=========================

3.1. Particle size distribution and homogeneity {#sec3.1}
-----------------------------------------------

Particle size distribution and relevant parameters of MSS and LAC were presented in [Table 2](#tbl2){ref-type="table"}. *D*~50~ values of MSS obtained by two instruments were both smaller than 5 μm, suggesting it was potential for pulmonary drug delivery. Besides, *D*~50~ values of LAC were much larger than MSS. Particle size distributions of MSS and LAC were not overlap and presented normal distribution ([Supporting Information Fig. S1](#appsec1){ref-type="sec"}). It meant that MSS and LAC could be distinguished by laser diffraction and were applicable in the investigation of PDPs in DPIs. For homogeneity test, the average recovery of MSS was 101.58 ± 0.93%, suggesting a desirable homogeneity in DPIs.Table 2Particle size distribution of MSS and LAC (the data were presented as mean ± SD, *n* = 3).Table 2InstrumentFormu-lation*D*~10~ (μm)*D*~50~ (μm)*D*~90~ (μm)SpanMalvern Mastersizer 2000MSS0.70 ± 0.032.01 ± 0.154.66 ± 0.312.67 ± 0.03LAC33.35 ± 0.7974.25 ± 0.52109.12 ± 0.661.92 ± 0.01Sympatec HELOS &INHALER™MSS1.13 ± 0.072.74 ± 0.036.81 ± 0.222.90 ± 0.07LAC43.63 ± 0.9283.90 ± 0.54118.25 ± 1.391.93 ± 0.02

Compared with Sympatec HELOS & INHALER™, particle size obtained from Malvern Mastersizer 2000 was smaller. DPIs was compulsively dispersed by the steel balls of Scirocco 2000 dry powder feeder in Malvern Mastersizer 2000[@bib11]. Thus, particle size determined by Malvern Mastersizer 2000 was the geometry size of particles. On the contrary, Sympatec HELOS & INHALER™ simulated the impaction and deposition of DPIs in the real inhalation process. Therefore, the obtained particle sizes were closer to the *d*~ae~, which was defined as the inherent tendency of gravitational settling or inertial impaction caused aerosol deposition. In addition, Sympatec HELOS & INHALER™ did not forcibly dispersed DPIs and thus the obtained particle sizes were larger than that of Malvern Mastersizer 2000. Therefore, Sympatec HELOS INHALER™ was more suitable for evaluation of particle size distribution of DPIs[@bib45]^,^[@bib46].

The particle sizes obtained from Sympatec HELOS & INHALER™ were served as the references for the drug and carrier. Specifically, *D*~10~‒*D*~90~ of MSS and LAC were defined as the size of primary drug and carrier, and the fraction between *D*~90~ of MSS and *D*~10~ of LAC was defined as drug aggregation. The detail was as follow: drug: 1.13--6.81 μm; carrier: 43.63--118.25 μm; drug agglomeration: 6.81--43.63 μm.

3.2. Scanning electron microscopy and energy-dispersive X-ray spectroscopy {#sec3.2}
--------------------------------------------------------------------------

The morphology of MSS, LAC and model DPIs was shown in [Fig. 4A‒](#fig4){ref-type="fig"}C. MSS was strip shape with uniform size ([Fig. 4](#fig4){ref-type="fig"}A). LAC was tomahawk shape with flat surface and was covered by some fine lactose ([Fig. 4](#fig4){ref-type="fig"}B). After blending, strip shape MSS evenly distributed on the surface of LAC in the DPIs ([Fig. 4](#fig4){ref-type="fig"}C). [Fig. 4](#fig4){ref-type="fig"}D, F and H were the optical images of lactose (LAC), micronized salbutamol sulfate (MSS) and DPIs in the EDXS, respectively. Based on this, the oxygen spectra (yellow color) of LAC ([Fig. 4](#fig4){ref-type="fig"}E) and sulfur spectra (purple color) of MSS ([Fig. 4](#fig4){ref-type="fig"}G) were captured by EDXS for further distinction MSS from LAC in the DPIs. Hence, the oxygen spectra ([Fig. 4](#fig4){ref-type="fig"}I), sulfur spectra ([Fig. 4](#fig4){ref-type="fig"}J) and merged image ([Fig. 4](#fig4){ref-type="fig"}K) of DPIs suggested most of the MSS was evenly distributed on the surface of LAC while a small number of MSS aggregation existed.Figure 4SEM images of (A) MSS; (B) LAC; (C) DPIs; EDXS images of (D) LAC optical image; (E) LAC oxygen spectra; (F) MSS optical image; (G) MSS sulfur spectra; (H) DPIs optical image; (I) DPIs oxygen spectra; (J) DPIs sulfur spectra; (K) DPIs merged image. MSS, micronized salbutamol sulfate; LAC, lactose carrier; DPIs, dry powder inhalations; EDXS, energy-dispersive X-ray spectroscopy.Fig. 4

3.3. Pulmonary delivery processes investigation of DPIs by MMSH {#sec3.3}
---------------------------------------------------------------

The PDPs played a key role in the formulation design and optimization of the DPIs. Generally, the inhaler device, artificial throat and pre-separator contributed to different levels of transportation and detachment because of their physical structures. Therefore, the MMSH was applied to explore the impacts of these parameters separately on the mechanisms of the dispersion, fluidization, transportation, detachment and deposition processes of DPIs. Additionally, the impact of flow rate (*U*~0~) on the PDPs of DPIs was investigated.

### 3.3.1. Configuration A: with Turbospin® {#sec3.3.1}

First, the inhaler device Turbospin® was integrated with the Sympatec HELOS to probe the fluidization and dispersion processes of DPIs and their early deposition in the inhaler device. The release (*R*) of the carriers, drug aggregations and drug particles could be monitored in real time, revealing the inhalation mode of DPIs. Additionally, *R*~AUC~ was obtained by integrating the release profile, which indicated the detachment and deposition of DPIs.

The release profile of the DPIs was depicted in [Fig. 5](#fig5){ref-type="fig"}A. The *R* values of the DPIs presented the same tendencies of first increasing and then decreasing at different *U*~0~. With increasing *U*~0~, *R*~max~ increased while *T*~t~ decreased. Specifically, the DPIs at 60 and 80 L/min showed 2- and 2.4-fold increase in *R*~max~ compared with the *R*~max~ at 30 L/min, respectively. In addition, a good linear relationship (*R*^2^ = 0.9887) was established between *R*~max~ and *U*~0~ ([Fig. 5](#fig5){ref-type="fig"}A). Regarding the *R*~AUC~ of the DPIs ([Fig. 5](#fig5){ref-type="fig"}E), when *U*~0~ increased from 30 to 60 L/min, *R*~AUC~ increased 1.51-fold. It was worth noting that there was no significant difference between the *R*~AUC~ at 60 L/min and that at 80 L/min (*P* \> 0.05).Figure 5Release profiles and total release amount of conuration A. (A) Release profiles of DPIs. Inset was the correlation between *U*~0~ and *R*~max~; (B) Release profiles of Drug. Inset was the correlation between *U*~0~ and *R*~max~; (C) Release profiles of drug aggregation; (D) Release profiles of carrier; (E) Total release amount at different flow rates; (F) Force analysis of DPIs in the capsule; (G) DPIs remained in the capsule or deposited prematurely; (H) The release of DPIs from capsule at low *U*~0~; (I) The release of DPIs from capsule at high *U*~0~ (All the data were presented as mean ± SD, \**P* \< 0.05, *n* = 3).Fig. 5

When DPIs particles released from the capsule, the particles were subjected to many forces, including drag force from air flow (*F*~D~)[@bib47]^,^[@bib48], gravity force (*F*~G~)[@bib49], interaction force between particles (*F*~I~)[@bib50]^,^[@bib51] and friction force (*F*~F~) between the particles and capsule wall[@bib52] ([Fig. 5](#fig5){ref-type="fig"}F). At low *U*~0~, the *F*~D~ \[Eq. [(1)](#fd1){ref-type="disp-formula"}\][@bib53] acting on the DPIs particles was too small to overcome the *F*~I~ and/or *F*~F~.$$F_{\text{D}} = {{3\pi\eta XdU_{0}}/C_{\text{C}}}$$where *η* represents the viscosity of the air, *X* denotes the dynamic shape factor, *d* represents the diameter of the particle and *C*~C~ is the Cunningham correction factor for slip flow.

Therefore, the DPIs particles were prone to remain in the capsule or deposit prematurely without reaching the detector due to the counteracting of *F*~D~ ([Fig. 5](#fig5){ref-type="fig"}G). Notably, the particles on the surface of the powder bed encountered a smaller *F*~I~ and were easily entrained by air flow and release. Thus, the powder bed of DPIs in the capsule was gradually and slowly eroded from the surface until the release was complete ([Fig. 5](#fig5){ref-type="fig"}H). Therefore, the *R*~AUC~ and *R*~max~ were low at 30 L/min, while *T*~t~ was long. These results suggested that low inhalation *U*~0~ generated a gradual inhalation process, resulting in an early deposition of DPIs in the oropharynx instead of delivering to the lower airways.

In contrast, the pressure difference between the inside and outside of the capsule increased with increasing *U*~0~. A higher *U*~0~ supplied a larger *F*~D~ to the DPIs, rendering the particles sufficient initial kinetic energy to overcome *F*~I~ and *F*~F~; thus, the fluidization of DPIs could be achieved. Moreover, the acceleration (*a*) of the particle increased with increasing *U*~0~ \[Eq. [(2)](#fd2){ref-type="disp-formula"}\][@bib54].$$a = {F_{\text{D}}/m} = {F_{\text{D}}/{\rho V}} = {{6F_{\text{D}}}/{\rho\pi d^{3}}} = {{18\eta XU_{0}}/{C_{\text{C}}\rho d^{2}}}$$where *ρ* represents the bulk density, *X* denotes the dynamic shape factor, *d* represents the diameter of the particle, *C*~C~ is the Cunningham correction factor for slip flow, *m* represents the mass of the particle and *V* is the volume of the particle.

The accelerated movement of DPIs particles led to bursting inhalation and the release of high-density aerosol clouds at short notice ([Fig. 5](#fig5){ref-type="fig"}I). Hence, *R*~max~ increased and *T*~t~ shortened with increasing *U*~0~. Furthermore, a larger *F*~D~ enabled the particles to be entrained by the air flow rather than prematurely depositing, which contributed to the increase in *R*~AUC~. Thus, bursting inhalation was more easily formed by higher *U*~0~, which was beneficial to achieve higher *R*~AUC~ and efficient pulmonary drug delivery. The result was also in accordance with some similar CFD-DEM studies. The dispersion number of API particles detached from the carrier increased with increasing air velocity[@bib34] and the deposition of DPIs on the inhaler device was decreased with increased air flow[@bib55].

In addition, there were no significant differences (*P* \> 0.05) in *R*~AUC~ between 60 and 80 L/min, indicating that 60 L/min satisfied the minimum fluidization velocity (MFV) of DPIs particles. In addition, the release profile of the carriers was similar to that of the DPIs since the detachment of carrier‒drug/drug aggregation was weak in the fluidization and dispersion processes.

In regard to the drug particles and drug aggregations, *R*~max~ increased and *T*~t~ decreased with increasing *U*~0~ ([Fig. 5B‒](#fig5){ref-type="fig"}C). The *R*~max~ of drug particles at 60 and 80 L/min markedly increased to 3.3- and 5.8-fold of 30 L/min, respectively. A satisfactory linear relationship between the *R*~max~ of drug particles and *U*~0~ was demonstrated (*R*^2^ = 0.9817). In addition, when *U*~0~ increased to 80 L/min, the *R*~max~ of drug aggregations was 2-fold of 30 L/min. The *R*~AUC~ of drug particles increased by 3.9-fold with the increment of *U*~0~ from 30 to 80 L/min, while the *R*~AUC~ of drug aggregations showed no distinct change (*P* \> 0.05).

The Turbospin® possessed high grid voidage, which easily yielded turbulence during inhalation[@bib22]. The intensity of the turbulence was affected by *U*~0~[@bib21]. At low *U*~0~, the turbulence intensity was weak and induced slow fluidization of DPIs particles. In this gradual inhalation process, the particles collided with each other slowly and gently in the turbulence, and thus, the drug particles and drug aggregations were gradually detached from the carriers, which was responsible for the long *T*~t~ and low *R*~max~. In contrast, the turbulence became stronger at higher *U*~0~. The high *R*~max~ and short *T*~t~ indicated burst inhalation of DPIs, which resulted in high-density aerosol clouds. These conditions rendered a greater chance of collision and were conductive to the detachment process. Consequently, the drug particles were released instantly, and the *R*~AUC~ of drug particles increased. Nevertheless, the *R*~AUC~ of drug aggregations showed no obvious difference (*P* \> 0.05), suggesting that the drug--drug particles interaction forces (*e*.*g*., Coulomb force, capillary force, and van der Waals force[@bib51]) were larger than those of drug‒carrier and the force of collision was not large enough to overcome these forces.

In summary, the fluidization and dispersion processes of DPIs could be monitored individually by configuration A. According to the real-time release profile, the DPIs was fluidized and released from the capsule when inhaled. The DPIs was dispersed due to the turbulence induced by the high voidage grid structure of the inhaler device. Some of the drug particles and drug aggregations detached from the carriers under turbulence by impaction with the wall of the inhaler device. In addition, the inspiratory *U*~0~ had a great impact on the fluidization and dispersion processes. The inhalation mode of the DPIs under different *U*~0~ could be deduced from the real-time release profiles. Gradual inhalation at low *U*~0~ resulted in more early deposition that was not conducive to further delivery of DPIs. In contrast, bursting inhalation of DPIs occurred at high *U*~0~, which caused more DPIs to be transported into deeper airways instead of depositing. Thus, stronger turbulence and bursting inhalation were favorable for detachment of drug‒carrier in the inhaler device.

Some studies reported on the impact of inspiratory *U*~0~ on the pulmonary drug delivery efficiency of DPIs, and the results were contradictory and inconclusive[@bib56]^,^[@bib57]. These variations were ascribed to the many complex factors associated with PDPs, such as the formulation, inhaler device and inspiratory flow rate[@bib58]. The present study offered an approach for evaluating the relationship between inspiratory *U*~0~ and the release profile of DPIs. Through the combination of the transportation and detachment processes in artificial throat and pre-separator, the optimal inspiratory *U*~0~ as well as the inhalation mode with certain formulations and inhaler device could be acquired quickly.

### 3.3.2. Configuration B: with Turbospin® & artificial throat {#sec3.3.2}

The inhaler device Turbospin® and artificial throat were integrated with the Sympatec HELOS through a customized connector to investigate the effect of the throat on the transportation and detachment mechanism of DPIs during inhalation.

The release profile of configuration B was shown in [Fig. 6A‒](#fig6){ref-type="fig"}D. Compared with the release profile of configuration A ([Fig. 5A‒](#fig5){ref-type="fig"}D), the *R*~max~ and *R*~AUC~ of the DPIs decreased sharply at each *U*~0~, which might be due to the following two reasons. First, when the DPIs particles were released from the inhaler device and reached the artificial throat, the particles were subjected to *F*~D~ and *F*~G~. The DPIs deposited before the bend in the artificial throat due to insufficient *F*~D~ ([Fig. 6](#fig6){ref-type="fig"}F). In addition, the bend in the artificial throat changed the direction of air flow, while the particles still possessed a velocity (*V*~0~) in the original direction[@bib53]. On account of the inertia of the particles, the particles kept moving in the original direction[@bib59]. The distance needed to reduce *V*~0~ to zero by the action of the resistance force was defined as the stopping distance \[*S*, Eq. [(3)](#fd3){ref-type="disp-formula"}\][@bib53].$$S = {{d^{2}\rho U_{0}C_{\text{C}}}/{18\eta X}}$$where *η* represents the viscosity of the air, *X* denotes the dynamic shape factor, *d* represents the diameter of particle, *ρ* represents the bulk density and *C*~C~ is the Cunningham correction factor for slip flow.Figure 6Release profiles and total release amount of conuration B. (A) Release profiles of DPIs. Inset was the correlation between *U*~0~ and *R*~max~; (B) Release profiles of drug. Inset was the correlation between *U*~0~ and *R*~max~; (C) Release profiles of drug aggregation; (D) Release profiles of carrier; (E) Total release amount at different flow rates; (F) DPIs deposited before the corner of artificial throat and the stopping distance of particle was longer than the distance between particle and the wall of throat (All the data were presented as mean ± SD, \**P* \< 0.05, *n* = 3). *U*~0~, air flow rate; *R*~max~, maximum of release amount.Fig. 6

When *S* was longer than the distance between the particle and the wall of the throat, there was a greater chance for the particle to impact the wall and be captured. Thus, the number of particles that could successfully pass through the artificial throat markedly dropped.

Additionally, the *R*~AUC~ of drug particles decreased sharply at each *U*~0~ after the addition of the artificial throat. It was worth noting that the detached drug particles were small size, which enabled the particles to deviate more from the center of the artificial throat than the large carriers and be easily captured by the throat[@bib35]. In addition, fine drug particles easily generated electrostatic force[@bib51], and thus, these particles tended to adhere to the throat wall. Therefore, the drug particles detached in the inhaler device or artificial throat were easy to be captured and hard to be transported to the lower parts of the airway, which was not desirable for pulmonary drug delivery.

It was well known that a real human throat possessed more complex internal geometry as well as mucus layers[@bib60]. Once the DPIs particle impacted the wall of the throat, the particle had a high probability to be captured immediately without bouncing back. Thus, more throat deposition would exist in the human body. Alberta throat with more detailed internal geometry could be employed in the future to mimic the actual structure of human throats. In addition, the throat could be coated with a material, such as 1% Tween® 80[@bib61], to simulate the mucus layer and acquire a higher correlation between *in vitro* and *in vivo* tests. With respect to the release profile of configuration B under different *U*~0~ ([Fig. 6A‒](#fig6){ref-type="fig"}D), *R*~max~ and *R*~AUC~ increased with increasing *U*~0~. The *R*~max~ of the DPIs at 80 L/min was 1.63-fold and 3.02-fold of 60 and 30 L/min, respectively. With the addition of the artificial throat, the *R*~max~ of the DPIs and *U*~0~ still had a good linear relationship (*R*^2^ = 0.9577). According to the release profile ([Fig. 6](#fig6){ref-type="fig"}A), gradual inhalation (low *R*~max~ and long *T*~max~) of the DPIs occurred at low *U*~0~ when particles were slowly entrained by the air flow. Under this circumstance, inadequate *F*~D~ led to early deposition of DPIs. In contrast, high *U*~0~ generated burst inhalation, and thus airborne particles moved faster because of larger *F*~D~. More particles could be quickly fluidized (high *R*~max~ and short *T*~max~). Although a higher *U*~0~ induced a longer *S* and increased the deposition of DPIs at the throat, the *R*~max~ and *R*~AUC~ of the DPIs still increased. This result suggested that the increment of fluidized particles was higher than the decrease caused by deposition.

For the drug particles and drug aggregations ([Fig. 6B](#fig6){ref-type="fig"} and C), the *R*~AUC~ of drug at 30 L/min increased to 1.46- and 2.01-fold with increasing *U*~0~, while the *R*~AUC~ of drug aggregations decreased. As mentioned above, the *R*~AUC~ of DPIs increased during bursting inhalation, and thus the detachment of the drug due to impaction increased. Additionally, the *R*~AUC~ of drug aggregations decreased with increasing *U*~0~. The drug aggregations more easily impacted the wall of the artificial throat due to the longer *S* at high *U*~0~. The impaction force was capable of breaking a portion of the drug aggregations into fine drug particles. Therefore, the *R*~AUC~ of drug aggregations decreased while the *R*~AUC~ of drug particles increased.

In brief, the addition of an artificial throat mimicked the bend of the throat as well as the change in the air flow direction, which separately explored the transportation and detachment processes of DPIs in the throat. The *R*~AUC~ of DPIs sharply decreased compared with that of configuration A. A fraction of the released DPIs deposited before the bend of throat and part of the DPIs impacted the wall of the artificial throat due to the inertia of particles, hindering the further transportation of the DPIs to some extent. Additionally, the number of drug particles detached from the carriers in the inhaler device markedly dropped since these particles possessed a great chance to be captured by the throat owing to their electrostatic forces and movement locus close to the throat wall. The impaction force between the DPIs and the wall of the throat overcame the adhesive force between the carrier‒drug/drug aggregation and promoted detachment and disaggregation in the throat, which was undesirable for its further transportation into deeper airways.

The release profile of configuration B also confirmed the higher *R*~AUC~ of DPIs as well as the higher *R*~AUC~ of drug particles in bursting inhalation rather than gradual inhalation. With the increment of *U*~0~, more drug particles detached from the carriers due to a larger F~D~ and impaction in stronger turbulence. Nevertheless, the drug detached before or within the throat was easily deposited on the throat. Thus, further transportation and detachment of DPIs in pre-separator was needed for a thorough investigation.

### 3.3.3. Configuration C: with Turbospin® & artificial throat & pre-separator {#sec3.3.3}

The inhaler device Turbospin®, artificial throat and pre-separator were integrated with the Sympatec HELOS. A pre-separator mimicking the detached function of bronchi bifurcation was used to explore the detachment process of DPIs. The release profile of configuration C was shown in [Fig. 7A‒](#fig7){ref-type="fig"}D. In contrast to the release profile of configuration B ([Fig. 6A‒](#fig6){ref-type="fig"}D), *R*~max~ and *R*~AUC~ of DPIs rose dramatically, which mainly resulted from the increase in *R*~max~ and *R*~AUC~ of drug particles and drug aggregations. When DPIs particles entered the pre-separator, they moved by the entrainment of vortex air flow. The particles were subjected to centrifuge forces (*F*~C~), *F*~D~ and *F*~G~. *F*~C~ was proportional to the third power of the particle diameter \[Eq. [(4)](#fd4){ref-type="disp-formula"}\][@bib53].$$F_{\text{C}} = {{mU_{0}^{2}}/r} = {{\pi d^{3}U_{0}^{2}}/{6r}}$$where *m* represents the mass of particle, *r* denotes the radius of centrifugal motion, *d* represents the diameter of particle.Figure 7Release profiles and total release amount of conuration C. (A) Release profiles of DPIs; (B) Release profiles of drug; (C) Release profiles of drug aggregation; (D) Release profiles of carrier; (E) Total release amount at different flow rates; (F) Detachment of carrier‒drug/drug aggregation due to different *F*~C~; (G) Carrier deposited on the bottom of pre-separator at low *U*~0~ while drug/drug aggregation could be transported to deeper airways; (H) DPIs particles impacted with each other at the bottom of pre-separator (All the data were presented as mean ± SD, \**P* \< 0.05, *n* = 3). *U*~0~, air flow rate; *F*~C~, centrifugal force.Fig. 7

Thus, the diameter of the particles had a great influence on the magnitude of *F*~C~. The diameter of the carriers was much larger than those of the drug aggregations and drug particles. Hence, the larger *F*~C~ on the carriers expedited their movement locus to close to the wall of the pre-separator. In contrast, the drug aggregations and drug particles were inclined to move near the pre-separator center due to smaller *F*~C~ ([Fig. 7](#fig7){ref-type="fig"}F). The difference in *F*~C~ was greater than the adhesive force between the carriers and drug aggregations/drug, which facilitated considerable detachment. Therefore, the *R*~max~ and *R*~AUC~ of drug particles and drug aggregations increased sharply, indicating that pre-separator was efficient to detach carrier‒drug owing to the vortex air flow. The drug particles detached at this stage and got a great chance to be transported into deeper airways and deposited in the lungs.

In addition, the *R*~max~ and *R*~AUC~ of carriers decreased compared with configuration B. The movement locus of the carriers was close to the pre-separator wall, which caused impaction and friction between the carriers and wall, resulting in the gradual loss of kinetic energy in the carriers. Moreover, as the particles moved with the vortex air flow, the particles also moved downward due to *F*~G~. The carriers with larger masses were subjected to larger *F*~G~ than the drug aggregations and drug particles. Therefore, the carriers were more likely to deposit on the bottom of pre-separator without entering the detector, resulting in decreases in *R*~max~ and *R*~AUC~. On the contrary, the smaller *F*~G~ prompted the drug aggregations and drug particles to be entrained by air flow and reach the detector. In the bronchi bifurcation of humans, the narrowing of bronchi led to an instant increase in the air flow rate. The *F*~C~ of vortex air flow in this area caused detachment of carrier‒drug. The carriers were captured by the bronchi, while the drug particles were transported into the lower parts of the airways and deposited in the deep lungs. These processes were confirmed by the obtained results.In regard to the release profile at 30 L/min, the *R* of DPIs first increased and reached a plateau for a short time before declining, with no obvious peak ([Fig. 7](#fig7){ref-type="fig"}A). The release profile of drug aggregations and drug particles was similar to that of DPIs, which also presented gradual inhalation ([Fig. 7B‒](#fig7){ref-type="fig"}C). However, the carriers could barely be detected at *U*~0~ ([Fig. 7](#fig7){ref-type="fig"}D). At 30 L/min, the *F*~D~ acting on the DPIs particles was relatively small, and the particles were mainly subjected to *F*~G~ and quickly deposited on the bottom of pre-separator ([Fig. 7](#fig7){ref-type="fig"}G). Some of the drug particles and drug aggregations detached from the carriers before deposition. Most of the particles and aggregations were deposited with the carriers, which swirled with air flow at the bottom and the drug particles/drug aggregations impacted each other. The adhesive force between carrier‒drug/drug aggregation was surmounted by the impaction force, causing slow and inefficient detachment ([Fig. 7](#fig7){ref-type="fig"}H). Additionally, the drug particles and drug aggregations were subjected to smaller *F*~G~ and larger *F*~D~ than the carriers, which enabled the particles and aggregations to be entrained by air flow again and to reach the detector. Conversely, a larger *F*~G~ compelled the carriers to keep swirling at the bottom without being entrained. Thus, the carriers could barely be detected, and the drug particles and drug aggregations were released slowly. Since the existence of mucus layers in human bronchi, particles would not be able to move with air flow after deposition. It was suggested that few drug particles or drug aggregations detached from the carriers in gradual inhalation at 30 L/min because the particles and aggregations were almost co-deposited with the carriers.

At 60 L/min, the *R*~max~ and *R*~AUC~ of DPIs increased compared with those at 30 L/min. Specifically, the *R*~AUC~ of drug particles (1.43-fold) and carriers increased, while the *R*~AUC~ of drug aggregations declined. Larger *F*~D~ acted on the particles and accelerated their movement at 60 L/min. More DPIs particles could enter the detector before deposition, which was responsible for the increase in the *R*~max~ and *R*~AUC~ of DPIs. In addition, the detachment was facilitated by a larger *F*~C~. More drug particles and drug aggregations could be detached from the carriers. Additionally, the cohesive force of the drug aggregations was overcome by *F*~C~, and the drug aggregations de-agglomerated into drug particles, which further increased the release of the drug. Therefore, the *R*~AUC~ of drug increased and the *R*~AUC~ of drug aggregations decreased.

When *U*~0~ further increased to 80 L/min, there was no significant change (*P* \> 0.05) in the *R*~AUC~ of DPIs. Therein, the *R*~AUC~ of drug aggregations increased while the *R*~AUC~ of carriers declined, and the *R*~AUC~ of drug particles did not change distinctly (*P* \> 0.05). As mentioned above, larger *F*~D~ and *F*~C~ during bursting inhalation resulted in more DPIs reaching the detector and more detachment, respectively. However, the movement locus of carriers was too close to the wall of pre-separator when *U*~0~ was too high. Friction between the particles and wall led to a decrease in the kinetic energy of the carriers, which ultimately resulted in deposition. In addition, the decrease in carrier release caused by deposition was greater than the increase caused by *F*~D~. In contrast, there was a balance between deposition and detachment of the drug particles. Hence, the *R*~AUC~ of carriers dropped while the *R*~AUC~ of drug particles remained stable. The above results were in agreement with a CFD-DEM study, suggesting that an increase in the inhaler dispersion performance occurred at each flow rate increment between 30 and 75 L/min, but no further improvement was observed above 75 L/min[@bib62]. Moreover, the probability of particles impacting each other increased at 80 L/min. The detached drug particles could form aggregates because of impaction, which was responsible for the increase in the *R*~AUC~ of drug aggregations.

In short, the pre-separator simulated the transportation and detachment processes in the bronchi bifurcation of DPIs after passing through the throat. Compared with artificial throat, the pre-separator produced more efficient detachment of carrier‒drug/drug aggregation. The *F*~C~ in pre-separator served the same function as bronchi bifurcation. The carriers, drug aggregations and drugs of different particle sizes encountered various *F*~C~ that resulted in the occurrence of detachment. The detached drug particles could be efficiently transported into the lower parts of the airways and deposited in the deep pulmonary system. In addition, *U*~0~ played a critical role in the transportation and detachment processes of the DPIs. At low *U*~0~, gradual inhalation mainly led to co-deposition of carriers‒drug particles/drug aggregations, since *F*~G~ dominated the movement of the particles, while *F*~C~ was relatively small. Although high *U*~0~ was beneficial to detachment, excessive *U*~0~ in bursting inhalation would aggravate the deposition and aggregation; thus, the release of the drug decreased. Briefly, 60 L/min possessed the same pulmonary drug delivery efficiency as 80 L/min but easier to generate by patients. Therefore, 60 L/min was the optimal *U*~0~ in the present study.

MMSH was able to realize simultaneous detection of PDPs including fluidization and dispersion, transportation, detachment and deposition within one test. And the mechanism of PDPs in DPIs was fully investigated by MMSH, which could be further applied to various designs and optimizations of DPIs. Thus, more information could be acquired efficiently by MMSH, showing its advantages and innovations over CFD-DEM. For instance, this information was applicable to evaluating the impact of the inhalation breath pattern mimicked by a breath simulator on pulmonary drug delivery efficiency. Furthermore, this research could be used in the design and optimization of inhaler devices. The information about when and where detachment and deposition occurred could be monitored in real time, showing the direction of improvement.

3.4. In vitro aerosolization performance investigation of DPIs by NGI {#sec3.4}
---------------------------------------------------------------------

NGI was a widely recognized evaluation approach for the *in vitro* aerosolization performance of DPIs[@bib63], [@bib64], [@bib65]. In the present study, the modular concept was also applied in NGI experiments to explore the aerosolization performance of model DPIs under different *U*~0~ in detail. Specifically, the standard NGI configuration (inhaler device, USP throat, pre-separator, stages 1--7 and MOC)[@bib66] and NGI without pre-separator configuration ([Supporting Information Fig. S2](#appsec1){ref-type="sec"}) were employed to distinguish the different roles of the pre-separator and USP throat in the PDPs of DPIs. In addition, the deposition of carriers was detected in the present study to acquire deeper insight into the PDPs of DPIs. The FPF values, drug and carrier deposition profiles in NGI without/with pre-separator under different *U*~0~ were presented in [Fig . 8](#fig8){ref-type="fig"}, and the relevant parameters were shown in [Table 3](#tbl3){ref-type="table"}.Figure 8*In vitro* aerosolization performance of model DPIs. (A) Drug deposition profile. Inset was the FPF values of NGI without pre-separator; (B) Carrier deposition profile of NGI without pre-separator; (C) Drug deposition profile. Inset was the FPF values of NGI with pre-separator; (D) Carrier deposition profile of NGI with pre-separator All the data were presented as mean ± SD, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.005, *n* = 3. FPF, fine particle fraction; NGI, Next Generation Impactor.Fig. 8Table 3MMAD, ED and FPD of NGI with/without pre-separator under different flow rate (the data were presented as mean ± SD, *n* = 3).Table 3InstrumentNGI without pre-separatorNGI with pre-separatorFlow rate (L/min)306080306080MMAD (μm)--3.82 ± 0.073.09 ± 0.292.91 ± 0.052.36 ± 0.052.06 ± 0.13ED (%)99.04 ± 1.6799.58 ± 3.2898.40 ± 2.7898.71 ± 1.4598.76 ± 3.0998.69 ± 1.14FPD (μg)122.30 ± 16.08236.12 ± 10.59267.84 ± 12.5686.80 ± 9.63171.37 ± 18.83170.82 ± 13.12[^2]

For the NGI without pre-separator, the FPF values had significant difference (*P* \< 0.05) in various *U*~0~, which increased with increasing *U*~0~ ([Fig. 8](#fig8){ref-type="fig"}A). In addition, the FPD values showed the same tendency as FPF. According to the deposition profiles of the drug particles and carriers ([Fig. 8A‒](#fig8){ref-type="fig"}B), the most distinct deposition was observed in stage 1 (S1). The amount of deposited drug particles in S1 (S1-drug) decreased sharply as *U*~0~ increased, which indicated that the drug particles were further transported and deposited in lower stages (S2--S7), prompting an increase in the FPF values. On the contrary, S1‒S7 & MOC-carrier increased with increasing *U*~0~ ([Fig. 8](#fig8){ref-type="fig"}B), demonstrating that more carriers participated in further transportation.

According to the results above, a reasonable hypothesis that the FPF values varied with air flow could be conducted. The increased *U*~0~ offered enhanced kinetic energy for DPIs to disperse and fluidize; thus, more particles could be entrained by air flow into lower stages, resulting in higher FPF values. Of note, a linear relationship was determined between the FPF values and the *R*~AUC~ of drug particles of configuration B by MMSH (*R*^*2*^ = 0.8948, [Supporting Information Fig. S3A](#appsec1){ref-type="sec"}). However, bronchi bifurcation in the human body[@bib67] resulted in detachment of drug‒carrier due to vortex air flow. Therefore, pre-separator should be equipped to simulate the function of bronchi bifurcation for more realistic pulmonary delivery of DPIs.

With regard to NGI with the pre-separator, the FPF values increased remarkably (1.78-fold) as the flow rate increased from 30 to 60 L/min, while there was no significant difference (*P* \> 0.05) between those at 60 and 80 L/min ([Fig. 8](#fig8){ref-type="fig"}C). The same trend was also found for the FPD values with various air flows. Specifically, most of the drugs and carriers were found in pre-separator ([Fig. 8C‒](#fig8){ref-type="fig"}D). The drug deposition in the pre-separator (Pre-drug) was up to 65.56 ± 3.52% at 30 L/min and decreased to 50.16 ± 3.02% at 60 L/min. There was no significant difference in pre-drug between 60 and 80 L/min (*P* \> 0.05). In addition, more than 93% of the carriers deposited on the pre-separator and the carrier deposition increased with the increase of *U*~0~. While the carrier deposited in the device, adapter and throat decreased with the increasing *U*~0~.

The pre-separator was designed to detach the drug particles from the carriers during DPIs evaluation[@bib66], simulating the function of bronchi bifurcation. The vortex air flow within the pre-separator became stronger with increasing *U*~0~, leading to more violent impaction between DPIs particles. Therefore, the detachment between drug‒carrier was more obvious. The detached drug particles were capable of reaching lower stages due to air flow entrainment, which consequently increased the FPF values. However, excessively strong air flow was not essential to the model DPIs and might lead to the aggregation of the drug and untimely deposition of the drug in pre-separator. Therefore, the FPF value at 80 L/min did not increase compared with that at 60 L/min. It is worth noting that a favorable linear relationship between the FPF values and the *R*~AUC~ of drug particles was demonstrated (*R*^*2*^ = 0.9898, [Fig. S3B](#appsec1){ref-type="sec"}). Briefly, a desirable correlation was established between the results of NGI and MMSH.

The FPF values of NGI without pre-separator were higher than those of NGI with pre-separator at each *U*~0~. Furthermore, the S1-drug sharply declined when the pre-separator was equipped, and the S2--S7-drug presented the same tendency. In regard to NGI without a pre-separator, more carrier particles took part in the transportation in lower stages, and the drug particles were delivered to lower stages as carrier‒drug complexes. Therefore, the FPF values were deceptively high. On the contrary, the pre-separator performed the function of bronchi bifurcation. More drug particles detached from the carriers in pre-separator and were further entrained to lower stages by air flow, while some of the drug particles still adhered to the carriers because of the strong *F*~I~ (such as electrostatic force, friction force and adhesive force)[@bib51], resulting in co-deposition with the carriers in pre-separator. Hence, the FPF values decreased with the addition of pre-separator. In sum, the pre-separator played a critical role in determining the pulmonary drug delivery efficiency of DPIs, which was indispensable in NGI tests as well as MMSH experiments. The application of the modular concept in NGI could provide preliminary insight into the PDPs of DPIs and the effect of *U*~0~.

The aerosolization performance of model DPIs was susceptible to *U*~0~. The *U*~0~ of 60 L/min was the optimum for the *in vitro* aerosolization performance of model DPIs, under which obtained highest FPF values. A good correlation was demonstrated between the results of NGI and MMSH. It was indicated that a feasible and credible method that offered a new approach to DPIs PDPs in detail and in real-time was first and successfully developed.

4. Conclusions {#sec4}
==============

The PDPs mechanism of carrier-based DPIs was essential in the design and optimization of DPIs formulations. However, the current evaluation approaches for DPIs could not investigate each PDP of DPIs separately. In the present study, a modular concept was innovatively integrated with Sympatec HELOS to simulate the PDPs of DPIs in inhaler device, throat and tracheal bronchus, respectively. The dispersion, fluidization, transportation, detachment and deposition of DPIs under different *U*~0~ were meticulously explored by the MMSH. Moreover, the mechanism of PDPs in DPIs was discussed in detail. Furthermore, a satisfactory correlation between the results of the MMSH and NGI was built up. In summary, a credible and time-saving method that could explore the PDPs of DPIs in detail and in real-time was first and successfully developed. The MMSH presented great potential to become an efficient approach for the DPIs formulation design and optimization. Furthermore, the MMSH was subjected to an ongoing study to investigate the effects of the powder properties of carriers (such as particle size, surface morphology/roughness and electrical properties) and the types of devices on the delivery process of pulmonary DPIs, which is pioneering work on the innovation and development of DPIs.
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